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Abstract 


The fabrication and properties of a hybrid membrane based on cesium salt of heteropoly acid, zirconium phosphate and polyvinyl alcohol are 
described. The fabricated membranes were characterized for their intra molecular interaction, thermal stability, surface morphology, water content 
and surface-charge properties using Fourier transform infrared spectroscopy (FTIR), X-ray powder diffraction (XRD), thermogravimetric analysis 
(TGA), scanning electron microscopy (SEM), water uptake and ion-exchange capacity measurements. These membranes showed reduced methanol 
crossover (for possible application in DMFC) relative to that of Nafion® 115. At 50% of relative humidity, the protonic conductivity of the hybrid 
membranes was in the range of 107° to 107? Scm™!. The feasibility of these hybrid membranes as proton conducting electrolyte in direct methanol 
fuel cell (DMFC) was investigated and preliminary results are compared with that of Nafion® 115. A maximum power density of 6 mW cm~? with 
PVA-ZrP—Cs,STA hybrid membrane was obtained with the cell operated in passive mode at 373 K and atmospheric pressure. Open circuit voltage 


of the cell operated with hybrid membranes are high compared to that of Nafion® 115 indicating reduced methanol crossover. 


© 2006 Elsevier B.V. All rights reserved. 
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1. Introduction 


The successful performance of a polymer electrolyte mem- 
brane fuel cell (PEMFC) critically depends on the role played by 
the membranes. Nafion®, a perfluorinated ionomer, developed 
by DuPont, is currently employed in fuel cells though it has lim- 
itations like decreased conductivity at low humidity and/or at 
elevated temperatures, fuel crossover and instability at temper- 
atures of operation higher than 353 K [1-3]. These aspects have 
prompted research on the design and fabrication of alternative 
membranes. One such approach is designing membranes based 
on inorganic organic hybrids [4-12]. This has attracted attention 
because such hybrids may show controllable thermal, electrical 
and mechanical properties by virtue of the combination of the 
properties of organic polymers and inorganic compounds (solid 
inorganic proton conductors). Solid inorganic proton conductors 
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like zirconium phosphates, heteropolyacids exhibit dual role of 
being both hydrophilic and proton conducting. 

Heteropoly acids (HPAs) are strong Bronsted acids as 
well as solid electrolytes [13]. For example, hydrated silico- 
tungstic acid (H4SiW 12049-28H20) has an ionic conductivity of 
2x 107? S cm7! at room temperature [14—16]. However, HPAs 
are generally water-soluble. Consequently, a major research 
objective is to fix the HPAs in stable structure by forming 
composites [9,17—21] which can maintain their high proton con- 
ductivity. Yet another approach in limiting HPAs solubility and 
leaching is by ion-exchanging protons of HPA with larger cations 
like Cs*, NH4*, Rb* and TI*. This aspect has been dealt in 
detail by Ramani et al. [22,23]. In this work we exploited both 
these approaches simultaneously by forming composites with 
polyvinyl alcohol, zirconium phosphate and cesium salt of sili- 
cotungstic acid. Water insoluble zirconium phosphate was added 
to suppress crack formation due to the shrinkage caused dur- 
ing drying. It also contributes to protonic conduction through 
the proton of phosphate moiety and crystalline water thereby 
reducing the humidity dependence on conductivity. 
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The conductivity of salts of silicotungstic acid was studied 
[24]. The high protonic conductivity is due to mobile proton that 
is present as an admixture in the crystalline structure of synthe- 
sized salt [25] or due to the presence of crystalline water. The 
nature of the cation has a great influence on the final proper- 
ties of the salts of Keggin heteropolyacid. The salts containing 
small cations, such as Na‘, are soluble in water or in other polar 
solvents whereas the salts with large cations, such as Cs*, are 
insoluble in water [26]. Their low solubility is attributed to the 
low solvation energy of the large cations. In this paper, the work 
on a polyvinyl alcohol (PVA) and zirconium phosphate based 
composite membrane with cesium salts of silicotungstic acid as 
the active component is described. 


2. Experimental 
2.1. Materials and membranes preparation 


Polyvinyl alcohol (PVA; MW: 125,000), silicotungstic acid 
(SWA) were obtained from SRL Chemicals, orthophosphoric 
acid (H3PO4) was obtained from the E-Merck and zirconium 
oxychloride (ZrOCl2-8H2O) was obtained from Loba Chemie 
and were used as received. 


2.1.1. Preparation of zirconium phosphate 

Zirconium phosphate is prepared by taking 1 M aqueous solu- 
tion of ZrOCl2-8H20 and it is slowly added to 10 times excess 
of 1 M H3PO34. The precipitate was washed several times with 
de-ionized water, dried 2 h at 368 K and stored at 100% RH and 
room temperature [27]. 


2.1.2. Synthesis of PVA-ZrP-SWA hybrid membrane 

Salts of silicotungstic acid were synthesized at room temper- 
ature by neutralization of acid solution with cesium carbonate. 
Attempts were made to control the number of protons substituted 
by controlling the stoichiometry of the added cesium carbonate 
solution. The crystals were dried at room temperature and kept 
in constant humidity air until constant mass was attained. 

A 10% solution of PVA in water was made by constant stirring 
at 343 K and to that zirconium phosphate (10 wt.%) and cesium 
salt of silicotungstic acid (30 wt.%) was added and then refluxed 
the resultant mixture at 343 K for 8h, to obtain a clear viscous 
solution. The resulting viscous solution was gelated for 2 days 
and casted on a clean glass plate with the desired thickness and 
dried at room temperature to obtain a film. 


2.2. Structural characterization 


The FTIR (Nicolet 6700 FT-IT using Omnic software) spec- 
tra for the samples were recorded in the range 400-4000 cm! at 
room temperature. X-ray diffraction patterns were collected with 
a Rigaku D/max 2400 powder diffractometer using a Cu Ką radi- 
ation. The thermogravimetric analysis (TGA) was performed on 
a Perkin-Elmer TGA (Delta Series TGA 7) instrument at a heat- 
ingrate of 20 K min! in air. Scanning electron microscope (FEI, 
Model: Quanta 200) was used to observe the microstructures of 
the dried membranes. Elemental analysis of salts of silicotungtic 


Table 1 
Cesium content in salts of silicotungtic acid 


Cesium content 


Cs} H3SiW 12040 Cs2H2SiW 12040 


Calculated 1 2 
XRF analysis 1 1.9 


was performed by means of X-ray fluorescence analysis (XRF, 
Model S4 PIONEER BRUKER aXS) for Cs and W. The com- 
position determined by XRF analysis of the Cs/W atomic ratio, 
agreed with the composition calculated from the stoichiometric 
amount of reagents added to prepare Cs salt of silicotungstic 
acid (Table 1). 


2.3. Water uptake 


The water uptake of the hybrid membrane was determined by 
measuring the change in the weight before and after the hydra- 
tion. The membrane was first immersed in deionized water for 
2h. Then the membrane was weighed quickly after removing the 
surface attached water to determine the wetted membrane weight 
(Wwet). The dry membrane weight (Wary) was determined after 
drying the membrane at 373 K for 2h. 

The water uptake was calculated by using the following equa- 
tion: 


Wwet — Wary 


Water uptake (%) = x 100 


dry 


2.4. Swelling 


The surface swelling characteristics were determined by mea- 
suring the change of the membrane geometrical area upon equi- 
librating the membranes in water at room temperature for 2h. 
The swelling ratio was calculated by the following equation: 


wet — Adry 


A 
Swelling (%) = x 100 


dry 
where Agry and Awet are the area of dry and wet samples, respec- 
tively. 


2.5. Ion-exchange capacity (IEC) 


The ion-exchange capacity of the membranes were deter- 
mined through an acid-base titration. The dry hybrid mem- 
brane was immersed in 50 ml of 1 M sodium chloride aqueous 
solution for 24h to exchange protons with sodium ions. The 
ion-exchanged solution was titrated with 5 mM sodium hydrox- 
ide solution using phenolphthalein as an indicator. The ion- 
exchange capacity was calculated using the following equation: 


Wary 


where IEC is the ion-exchange capacity (meqg!), V the 
added titrant volume at the equivalent point (ml), M the molar 
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concentration of the titrant and Wary is the dry mass of the 
sample (g). 


2.6. Proton conductivity 


Proton conductivity was measured by an AC impedance tech- 
nique (Autolab, PGSTAT 30) using two-probe method, where 
the AC frequency was scanned from 40 kHz to 10 Hz at voltage 
amplitude of 5 mV. The proton conductivity (o) of the samples 
in the longitudinal direction was calculated from the impedance 
data, using the relationship o =d/Rtl, where d is the distance 
between the electrodes, t and 7 the thickness and width of the 
films, respectively, and R was derived from the low intersect of 
the high frequency semi-circle on a complex impedance plane 
with the Re(Z) axis, where Re refers to ‘Real’ in the complex 
impedance plane. Prior to the proton conductivity measure- 
ments, membranes were immersed in deionised water for 24h 
to attain hydration equilibrium. Fully hydrated membranes were 
sandwiched in a Teflon® conductivity cell equipped with Pt foil 
contacts and the impedance was measured by placing the cell 
in a temperature-controlled chamber under a temperature range 
of 303-373 K. Constant humidity was maintained at 50% RH 
by using saturated magnesium nitrate [Mg(NO3)2] and it was 
sensed by a hygrometer which was calibrated prior to the exper- 
iments. The experiments were repeated three times to check the 
reproducibility. The variation in the results was found to be less 
than 2%. 


2.7. Methanol crossover 


Cyclic voltammetric technique was used at room temperature 
to study the electrochemical reaction of the crossed methanol 
and to determine its concentrations. For the experiment, a two- 
compartment glass cell with the membrane separating the two 
compartments was used. Prior to the measurements, membranes 
were immersed in deionised water for 24h to attain hydra- 
tion equilibrium. Platinum foil with a geometric surface area 
of 2cm? and smooth platinum electrode were used as working 
and counter electrode, and Ag/AgCl (saturated KCl) electrode 
as the reference. The working electrode was immersed in one 
compartment considered as cathode and counter and reference 
electrode was immersed in the second compartment considered 
as anode. The cell was connected to BAS Epsilon potentiostat. 
Methanol solutions used in this study were prepared with 0.5 M 
H2S0; electrolyte. The permeability was studied by introducing 
methanol of known concentration in 0.5 M H2SO, to one com- 
partment of the cell and analyzing the other compartment for 
its permeability. Prior to the determination of the concentration 
of the crossed methanol, a blank electrolyte of 50 ml of 0.5M 
H2S0;4 was first added to either compartment of the cell and CV 
scanning was performed. The permeability test was performed 
at room temperature for 1 M initial methanol concentration at 
the anode compartment and cyclic voltomograms of the crossed 
methanol in the cathode side was plotted between 0.2 and 1 V. 
The concentration of crossed methanol was determined from the 
calibration curve which was obtained as described by Ling and 
Savadogo [28]. The experiments were repeated three times to 


check the reproducibility. The variation in the results was found 
to be less than 1.5%. 


2.8. MEA fabrication 


Electrocatalysts used were unsupported Pt-Ru black (1:1 
atomic ratio, Alfa Aesar) and Pt black (Alfa Aesar) in the 
anode and cathode, respectively. The catalyst slurry contain- 
ing catalyst, water, isopropyl alcohol (IPA) and Nafion® solu- 
tion (1100 EW, DuPont) as binder was sprayed on teflo- 
nized carbon cloth (E-Tek). Electrode area of 2cm x 3 cm with 
6mgcm~? of catalyst loading were fabricated and placed on 
either side of the membrane. The membrane electrode assem- 
bly (MEA) was sandwiched between the two transparent poly- 
acrylic plates constituting the cell fixture by means of six 
bolts. Single cell performance was measured by using a pas- 
sive DMFC with a 4M methanol solution. Methanol was dif- 
fused into the anode catalyst layer from the built-in reser- 
voir of 4.5 ml capacity, while oxygen, from the surrounding 
air, was diffused into the cathode catalyst layer through the 
opening of the cathode fixture. The single cell performance 
experiments were carried out at room temperature (273 K) 
and at atmospheric pressure. Cell voltage versus current den- 
sity response was measured galvanostatically by incrementally 
increasing the current from open circuit and measuring the cell 
voltage. 


3. Results and discussion 
3.1. FTIR spectroscopy 


The FTIR spectra of PVA—ZrP—Cs;SWA and PVA-ZrP- 
Cs2SWA membranes obtained are shown in Fig. 1. The spectrum 
of atypical membrane reveals the characteristic bands of PVA, a- 
ZrP and salt of SWA. The FTIR spectrum of hybrid membranes 
showed bands at 981, 917, 876 and 790 cm~!, which agree with 
those reported in literature [29,30] for this silicotungstic acid. 
The same characteristic bands are seen in the hybrid membrane 
containing salts of silicotungstic acid. The band at 981 cm7! cor- 
responds to the stretching of the W=O, terminal bond and the 
band at 917cm7! corresponds to the stretching of X—O bond 
which is red shifted from 926 cm~!, this is due to the columbic 
interaction between the hydroxyl groups of the polyvinyl alcohol 
donor and the salt of silicotungstic acid in the hybrid membrane. 
The bands at 876 and 793 cm~! corresponds to the W—O,—W 
(Op-bridged oxygen and O,-terminal oxygen) connecting two 
[W30 3] units by corner sharing and by edge sharing, respec- 
tively. The later has blue shifted from 779 to 793 cm7! which 
again represents the columbic interaction. The bands at 3260 and 
2907 cm! represents O-H stretching and —CH) stretching; the 
band around 1420 cm7! is for -CH3 bending which are charac- 
teristic of PVA. The bands around 510 and 1050 cm7! are due to 
Zr—O and P—O4 symmetric stretching and that around 916 cm7! 
is due to P-OH asymmetric stretching which are characteristics 
of ZrP. The main bands are assigned and tabulated separately for 
PVA-ZrP-Csı STA and PVA—ZrP—Cs2STA hybrid membranes 
in Table 2. 
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Fig. 1. FTIR spectra of PVA—ZrP—Cs;SWA and PVA—ZrP—Cs2SWA hybrid membranes. 


3.2. XRD 


X-ray diffractograms of PVA—ZrP—Cs;STA and PVA- 
ZrP—Cs2STA hybrid membranes are shown in Fig. 2. All the 
indexed peaks are due to Cs salt of silicotungtic acid and are 
indexed according to the JCPDS card no. 51-0416. The broad 
hump in the 20 range 20-35 is due to the presence of PVA and 
zirconium phosphate. 


Table 2 
Assignments of main absorption bands for PVA-ZrP-CsıSWA and 
PVA-ZrP-Cs2SWA hybrid membranes 


Vibration frequency (cm7!) Bond assignment 


PVA-ZrP-Cs; SWA PVA-ZrP-Cs2SWA 


981 969 W=0O, stretching 

917 916 X—O stretching 

876 = Corner sharing W—O,—W 

744 793 Edge sharing W—Op—W 
3274 3257 O—H stretching 
2906 2907 —CH) stretching 
1426 1413 —CH; bending 

504 525 Zr—O symmetric stretching 
1018 1085 P—O,4 symmetric stretching 
Table 3 


Water uptake, swelling and IEC values for PVA-ZrP-CsıSWA and 
PVA-ZrP-—Cs2S WA hybrid membranes with a 180 um thickness compared with 
Nafion® 115 


Membrane Water uptake (%) Swelling (%) IEC (meq g7!) 
PVA-ZrP-Csı SWA 260 100 3.2 
PVA-ZrP-Cs) SWA 140 85 3 

Nafion® 115 22 12 0.9 


3.3. Thermal analysis 


Fig. 3 illustrates the thermogravimetric analysis of the hybrid 
membranes in the temperature range from 323 to 1073 K. Three 
degradation stages are seen, the first weight loss occurred at 
temperatures around 373 K, was associated with the loss of 
absorbed water molecules and a major second weight loss is due 
to decomposition of polyvinyl alcohol in the temperature region 
473-573 K and the loss of crystalline water from silicotungstic 
acid. The third major weight loss is due to decomposition of salt 
of silicotungstic acid to respective metal oxides combined with 
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Fig. 2. Cu Ka XRD patterns of PVA—ZrP—Cs,;SWA and PVA-ZrP-Cs) SWA 
hybrid membranes and its components for comparison. 
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Fig. 3. TGA analysis of PVA-ZrP-Csı SWA and PVA-ZrP-Cs2SWA hybrid 
membranes in a temperature range from 50 to 800°C. 


the loss associated with the phase transition of ZrP to nonlayered 
pyrophosphate (ZrP207) phase. 


3.4. SEM 


Surface morphology of the dried membrane was investi- 
gated using SEM. Fig. 4 shows the scanning electron micro- 
graphs of PVA—ZrP—Cs;SWA and PVA-ZrP-Cs2SWA hybrid 
membranes. The distribution of inorganic particles is relatively 
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Fig. 5. Proton conductivity at 50% RH as a function of temperature 
for PVA—ZrP—Cs;SWA and PVA-ZrP—Cs>SWA membranes compared with 
Nafion® 115 at 100% RH. 


uniform in the organic matrix. Membranes are compact with 
no phase separation suggesting that the synthesized films were 
homogeneous in nature and hence formed dense membrane. 


3.5. Water uptake, swelling and IEC 
Water uptake and ion-exchange capacity of the membrane 


plays an important role in conductivity. Presence of water greatly 
influences the basic properties of the membrane. With increase 


20um 


Fig. 4. Scanning electron micrographs of PVA—ZrP—Cs; SWA and PVA-ZrP-Cs2SWA hybrid membranes. 


Table 4 
Comparison of conductivity and permeability for various membranes 


Membrane 


Relative humidity (%) Temperature (°C) Conductivity (S cm7!) Permeability (cm? s7!) Reference 
PVA-ZrP-Csı SWA 50 100 0.013 2x 1076 2 
PVA-ZrP—Cs2SWA 50 100 0.02 3 x 1076 j 
Nafion® 115 100 90 0.03 3.5 x 1076 j 
Nafion® 115/Cs*, NH4*, Rb* and 35 120 0.016 - [21] 
TI* modified PTA 

SPEK/ZP/ZrO> (70/20/10 wt.%) 100 70 2.3 x 1073 - [11] 
PVA/PWA/SiO>2 - = 0.004-0.017 1077 to 1078 [12] 
PEG/SiO2/SWA 100 80 0.01 1075 to1076 [7] 
PEG/Si02/PWA - — 1075 to 10-3 1076 to1077 [20] 
PVA-SiO2-SWA 100 100 4.13 x 1073 - [9] 
SPEEK/PWA 100 100 1.7 x 107? - [19] 


aà Obtained from our measurements. 
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Fig. 6. Concentration of crossed methanol as a function of crossover time. 


in water uptake and IEC, proton conductivity increases due to 
increase in the mobility of ions in the water phase. The water 
uptake, swelling and IEC data for the membranes are given in 
Table 3. At room temperature the water absorption and swelling 
decrease with increase in cesium content for membranes of 
180 pm thickness. 


3.6. Proton conductivity 


Fig. 5 shows temperature dependence of the membrane con- 
ductivity. At 50% of relative humidity, the protonic conduc- 
tivity of the hybrid membranes was in the range of 107° to 
107? Scm7!. The proton conductivity increased with increas- 
ing substitution of proton with cesium. The charge carriers 
in the acidic salt of silicotungstic acid are increasing leading 
to increased proton conductivity in PVA—ZrP—Cs2SWA com- 
pared to PVA—ZrP-Cs,;SWA hybrid membrane [24]. Proton 
conductivity is steadily increasing with temperature for both 
the hybrid membranes and for comparison the corresponding 


Nafion® 115 
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Fig. 7. Methanol permeability of PVA—ZrP—Cs;SWA and PVA—ZrP—Cs2S WA 
hybrid membranes compared with Nafion® 115. 


data for Nafion® 115 measured at 100% relative humidity are 
included in Fig. 5. 


3.7. Methanol crossover 


The concentration of crossed methanol as a function 
of crossover time is determined for PVA—ZrP—Cs,;STA and 
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Fig. 8. Polarization and power density curves for passive DMFC cell with 
Nafion® 115, PVA-ZrP-Cs, SWA and PVA-ZrP-Cs2SWA hybrid membranes 
as proton conducting electrolyte at 273 K and at atmospheric pressure. 
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PVA-ZrP-—Cs2STA hybrid membranes and it is compared to 
Nafion® 115 in Fig. 6. At 180 min the methanol crossed over 
in hybrid membranes is 33% less compared to Nafion® 115. In 
the case of hybrid membranes there is an exponential increase 
in crossover whereas in the case of Nafion® 115 it is linear 
with respect to crossover time. Among the two hybrid mem- 
branes PVA—ZrP—Cs STA shows lesser crossover to methanol. 
As shown in Fig. 7, the methanol permeability for hybrid mem- 
branes was less compared to Nafion® 115. Compared to Nafion® 
115 and other related membranes, hybrid membranes containing 
cesium salt of SWA show resistance to methanol permeability 
with appreciable proton conductivity as shown in Table 4. 


3.8. Single cell performance in DMFC 


Fig. 8 shows the single cell performance of DMFC with 
PVA-ZrP-Csı STA and PVA-—ZrP-Cs2STA hybrid membranes 
as proton conducting electrolyte. For comparison, the sin- 
gle cell performance of Nafion® 115 as proton conducting 
electrolyte under similar condition is also shown. The polar- 
ization and power density curves are obtained under unop- 
timized conditions by a home made passive cell. Cell with 
PVA-ZrP-Cs2STA hybrid membrane delivers a maximum 
power density of 6 mW cm~? which is comparable to that of 
Nafion® 115 (5.4 mW cm”). The cell with PVA-ZrP-Cs| STA 
hybrid membrane exhibited lower performance (2.1 mW cm~?) 
in full cell mode in comparison to PVA—ZrP—Cs2STA hybrid 
membrane and Nafion® 115. The open circuit voltage (OCV) 
for the cell with PVA—ZrP—Cs2STA hybrid membrane is 0.652 V 
and that for PVA—ZrP—Cs; STA hybrid membrane is 0.619 V. The 
increase in OCV compared to Nafion® 115 (0.610 V) indicated 
reduced methanol crossover to the cathode side. The results sug- 
gest that these membranes may be suitable for application in 
DMFC. 


4. Conclusion 


Though number of reports are available in literature on sta- 
bilizing the HPA in membrane matrix, a combined approach of 
composite formation with salts of HPA was investigated. Hybrid 
membranes based on cesium salt of heteropoly acid, zirconium 
phosphate and polyvinyl alcohol were fabricated and character- 
ized for its applicability in DMFC. The vibration spectroscopy, 
diffraction studies and thermal analysis provided information 
on the structure and stability of these hybrid membranes. Water 
uptake and swelling of the fabricated membranes decreased with 
increase in cesium content. At 50% of relative humidity, the pro- 
tonic conductivity of the hybrid membranes was in the range 
of 107? to 107? Scm™!. Also, these hybrid membranes exhib- 
ited decreased methanol crossover with that of Nafion® 115. 
A maximum power density of 6 mW cm~? was obtained with 
PVA-ZrP—Cs2STA hybrid membrane. The open circuit voltage 
for the cell with PVA—ZrP—Cs2STA hybrid membrane is 0.652 V 
and that for PVA—ZrP—Cs,;STA hybrid membrane is 0.619 V 
which is higher compared to the cell with Nafion® 115 (0.610 V) 


indicating reduced methanol crossover. The performance of the 
hybrid membranes in passive cell mode was found to be most 
promising for DMFC applications. 
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